ABSTRACT In peanutÐ cotton farmscapes in Georgia, the stink bugs Nezara viridula (L.) and Chinavia hilaris (Say) (Hemiptera: Pentatomidae) and the leaffooted bug, Leptoglossus phyllopus (L.) (Hemiptera: Coreidae), disperse at crop-to-crop interfaces to feed on bolls in cotton. The main objective of this study was to determine whether insecticide-free tropical milkweed (Asclepias curassavica L.), a nectar-producing plant, can increase parasitism of these bugs by Trichopoda pennipes (F.) (Diptera: Tachinidae) and provide nectar to monarch butterßies and insect pollinators in these farmscapes. PeanutÐ cotton plots with and without ßowering milkweed plants were established in 2009 and 2010. Adult T. pennipes, monarch butterßies, honey bees, and native insect pollinators readily fed on ßoral nectar of milkweed. Monarch larvae feeding on milkweed vegetation successfully developed into pupae. In 2009, N. viridula was the primary host of T. pennipes in cotton, and parasitism of this pest by the parasitoid was signiÞcantly higher in milkweed cotton (61.6%) than in control cotton (13.3%). In 2010, parasitism of N. viridula, C. hilaris, and L. phyllopus by T. pennipes was signiÞcantly higher in milkweed cotton (24.0%) than in control cotton (1.1%). For both years of the study, these treatment differences were not owing to a response by the parasitoid to differences in host density, because density of hosts was not signiÞcantly different between treatments. In conclusion, incorporation of milkweed in peanutÐ cotton plots increased stink bug parasitism in cotton and provided nectar to insect pollinators and monarch butterßies.
Habitat enhancement and manipulation tactics have been studied and encouraged for decades as an approach to enhance the biological control of insect pests in the modern agroecosystem (Altieri and Whitcomb 1979 , Ferro and McNeil 1998 , Landis et al. 2000 . Both interest and acceptance of habitat enhancement as a management tactic have increased, as society has become more aware of the value and beneÞts of ecosystem services (World Health Organization 2005) . Consequently, partnerships are being encouraged to link conservation biological control with other activities that would strengthen other ecosystem services. For example, The Food, Conservation, and Energy Act of 2008, authorizes the United States Department of Agriculture (USDA) to promote the development of habitats to conserve native and managed pollinators on agricultural lands (Vaughn and Skinner 2008) . The value of habitat enhancement as a pest management tactic might also be magniÞed and more readily accepted by producers and the general public if additional ecosystem services such as conservation of iconic ßora or fauna (e.g., the monarch butterßy) could be included (Xerces Society 2013) .
Stink bugs (Hemiptera: Pentatomidae) have been reported as pests of cotton, Gossypium hirsutum L., since the beginning of the 20th century (Morrill 1910) . However, as use of broad-spectrum insecticides have diminished owing to successful eradication of the boll weevil, increased use of Bt cotton, and development of new selective insecticides, stink bugs have emerged as pests of increasing importance (Greene et al. 2001) . In recent years, stink bugs have been ranked among the most damaging insect pests of cotton in the southeastern United States (Williams 2009 (Williams , 2012 . In the coastal plain of the southeastern United States, Nezara viridula (L.) and Chinavia hilaris (Say) are predominant stink bug pests in cotton (Barbour et al. 1990 , Bundy and McPherson 2000 ). A farmscape is composed of multiple Þelds of different crop species whose edges interface with each other and noncrop habitats. Peanut, Arachis hypogaea L., and cotton are two agricultural crops commonly found in farmscapes in the coastal plain of the southeastern United States. In peanutÐ cotton farmscapes, both N. viridula and C. hilaris exhibit strong edge-mediated dispersal into cotton to feed on fruit (i.e., bolls; Tillman et al. 2009 Tillman et al. , 2014 . Furthermore, densities of colonizing stink bugs generally are higher at the cropto-crop interfaces in these farmscapes compared with Þeld edges adjacent to noncrop habitats (Tillman et al. 2014) .
Trichopoda pennipes (F.) (Diptera: Tachinidae) is a parasitoid of N. viridula and C. hilaris in farmscapes in this region (Todd and Lewis 1976 , Buschman and Whitcomb 1980 , Tillman et al. 2010 . The leaffooted bug, Leptoglossus phyllopus (L.) (Hemiptera: Coreidae), can be an alternative host of T. pennipes in various crops including cotton and peanuts (Buschman and Whitcomb 1980) . For many farmscapes in this region, adult food, i.e., nectar-producing plants, is lacking for T. pennipes. Coombs (1997) studied the inßuence of adult food deprivation on longevity and fecundity of Trichopoda giacomellii (Blanchard), a South American parasitoid of N. viridula. Females that were fed raisins had a mean longevity of 9.6 d, but they survived only a mean of 3.2 d when they were provided with only water. Mean fecundity was 163.1 eggs per female when they were fed raisins but only 34.9 eggs per female when they were given solely water. Availability of adult food can clearly play an important role in the effectiveness of Trichopoda species as biological control agents. The importance of nectar provision on parasitoid Þtness has been demonstrated for various hymenopteran parasitoid species as well (Idris and GraÞus 1995 , Berndt and Wratten 2005 , Araj et al. 2006 , Irvin et al. 2006 , Lee and Heimpel 2008 . Sorghum, Sorghum bicolor (L.) Moench, is an effective trap crop for control of N. viridula in these farmscapes, and aggregation of N. viridula in the trap crop enhances parasitism of this stink bug by T. pennipes (Tillman 2006a) . We were interested in developing a multifunctional habitat, that is, a combination of a nectarproducing plant for parasitoid nectar provision and a trap crop for stink bug control, but Þrst, we wanted to determine whether the addition of an insecticide-free nectar-producing plant alone could enhance parasitism of T. pennipes in peanutÐ cotton farmscapes.
Use of toxic agrochemicals in farmscapes can be deleterious to stink bug parasitoids, monarch butterßies, and insect pollinators. For example, in oral bioassays, dicrotophos (organophosphate), cyßuthrin (pyrethroid), and oxamyl (carbamate) were highly toxic to T. pennipes adults (Tillman 2006b ). Therefore, a requirement for successful on-farm nectar provision for these insects is protecting nectar, and thus the beneÞcial insects, from toxic agrochemicals.
Tropical milkweed, Asclepias curassavica L., is often grown as a frost-tender annual in temperate areas of the United States. In addition to the normal calyx and corolla that other plant ßowers have, milkweeds also have a corona that looks like an extra set of petals facing toward the center of the ßower like a crown. The corona is formed by Þve cuculli, and each cucullus consists of a cup-like hood with a pointed horn that curves toward the ßowerÕs center. The cuculli are nectar holders, which continuously receive nectar from the stigmatic chambers of the ßower (Galil and Zeroni 1965) . In general, the ßowers of milkweed species are attractive to butterßies, bees, and other insect pollinators, as well as hummingbirds, and they provide a rich supply of nectar to these pollinator species (Robertson 1929 , Betz et al. 1994 .
The monarch butterßy, Danaus plexippus (L.) (Lepidoptera: Nymphalidae), of North America is renowned for its long-distance seasonal migration and its spectacular winter gatherings in Mexico and California. Monarch larvae feed exclusively on milkweeds in the genus Asclepias and several other genera of viney milkweeds in North America, and monarch adults feed on nectar of milkweed and other ßowers. The monarch butterßy faces many threats, including reduction of milkweed populations (Xerces Society 2013). Incorporating milkweed plants near agricultural farming systems may aid in conservation of this butterßy species.
Honey bees, Apis mellifera L. (Hymenoptera: Apidae), play a critical role in the pollination of many agricultural crops. Colony collapse disorder (CCD) in which honey bee colonies inexplicably lose their workers has resulted in a loss of 50 Ð90% of colonies in beekeeping operations across the United States (CoxFoster et al. 2007 ). According to the USDA Report on the National Stakeholders Conference on Honeybee Health, consensus is building that a complex set of stressors is associated with CCD; one of these stressors is the shortage of high-quality forage in the form of ßowering plants both spatially and temporally (Epstein et al. 2013) . Because milkweed ßowers provide a rich supply of nectar and bloom from spring through the fall in temperate zones, milkweed may be an excellent choice for nectar provision for these honey bees and native insect pollinators in agricultural farmscapes.
This on-farm research aims to: 1) examine the inßuence of milkweed at the peanutÐ cotton interface on parasitism of stink bug pests by T. pennipes in cotton and 2) document feeding of T. pennipes, insect pollinators, and monarch butterßies on milkweed nectar in a peanutÐ cotton farmscape.
Materials and Methods
Site Description. The experiment was conducted in an on-farm peanutÐ cotton farmscape at the same site (31Њ 34Ј12.72Љ N, 83Њ 17Ј56.98Љ W) in 2009 and 2010. The peanut Þeld was Ϸ10 ha in size, and the cotton Þeld was Ϸ9 ha in size. Row width was 0.91 m for each crop, and rows of adjacent crops ran parallel to each other. In 2009, cotton (DP 555 variety) was planted on 5 May, and in 2010, cotton (DP 949 variety) was planted on 28 May. DP 949 cotton was used in 2010 because DP 555 was no longer available. Peanut (Georgia Green variety) was planted on 19 May 2009 and on 14 May 2010. All crops were grown using University of Georgia Cooperative Extension recommended practices, which were the same for each year of the study (Beasley et al. 2012 , Collins et al. 2012 .
In 2009, four blocks were established along the peanutÐ cotton interface of the farmscape. Each block was April 2014 TILLMAN AND CARPENTER: MILKWEED NECTAR PROVISIONdivided into two plots (for a total of eight plots). Each plot was Ϸ22.9 m in length (length in direction of interface) and Ϸ61.4 m in depth, including a Ϸ1-mwide area of bare ground between peanut and cotton at the interface and Ϸ30.2 m of a crop (i.e., peanut or cotton) on each side of this weed-free strip. Each treatment, tropical milkweed and control, was randomly assigned to a plot within each block, similar to a randomized complete block (RCB) design (2 treatments ϫ 4 replicates). Establishment of plots along the crop-to-crop interface was necessary because stink bugs exhibit edge-mediated dispersal, especially at crop-to-crop interfaces in these farmscapes (Tillman et al. 2014 pennipes, insect pollinators, and monarch butterßies feeding on milkweed nectar were used to determine the number of nectar-feeding insects per milkweed plant. Previous experiments examining the oral toxicity of insecticides on T. pennipes led to an extensive understanding of the feeding behavior of this parasitoid (Tillman 2006b ). Field observations occurred 2Ð3 times each week during the period of time T. pennipes were parasitizing N. viridula in cotton. Feeding observations generally occurred between 1100 Ð1300 hours. Every milkweed plant in a plot (25 per plot) was observed for Ϸ15 s.
Sampling Methods in Cotton and Peanut. Beginning on 21 July 2009 and 20 July 2010, cotton was sampled for N. viridula, C. hilaris, and L. phyllopus each week for 5 wk during stink bug colonization. For each cotton sample, all plants within a 1.83-m length of row were shaken over a drop cloth and visually checked thoroughly for these insects. For each peanut sample, sweep nets (38 cm in diameter) were used to sweep the peanut canopy within a 7.31-m length of row for these insects. During both years of the experiment, peanut was sampled weekly from the Þrst week of July through colonization of cotton. For each sampling date in 2009, four samples were taken per row for rows 1, 5, 16, and 33 into the peanut and cotton Þeld. For each sampling date in 2010, three samples were taken per row for rows 1, 5, 9, 16, and 33 into the peanut and cotton Þeld. Stink bug adults collected in samples were held for parasitoid emergence. All insects that died while being held in the laboratory were dissected to assess the presence of larval parasitoids. Voucher specimens of hosts and adult parasitoids are held in the USDA, ARS, Crop Protection & Management Research Laboratory in Tifton, GA.
Statistical Analyses.
In 2009, parasitism of bugs by T. pennipes was examined only for N. viridula, as only one C. hilaris adult was found, and no L. phyllopus were found. Because N. viridula occurred only on rows 1 and 5, the other two rows were not included in data analyses. In 2010, each of the three hosts of T. pennipes, N. viridula, C. hilaris, and L. phyllopus, were present in cotton, and so parasitism of bugs by T. pennipes was examined for all species combined. In both years of the study, density of bug pests was extremely low over the Þrst two weeks of the test. Therefore, treatment comparisons were done only for weeks 3 through 5. Data for parasitism rates and bug density were analyzed using PROC MIXED (SAS Institute 2008). The Þxed effects were treatment, week, row, and treatment by week. Random effects were block within treatment and residual error. Square-root transformation was used to normalize stink bug density data, and arcsine square-root transformation was used to normalize percentage parasitism data. For both the 2009 and 2010 data, preliminary analyses revealed that there was no signiÞcant week, row, and treatment by week effects for parasitism of pest species, and so week and row data were combined. Least squares means were separated by least signiÞcant difference (LSD; SAS Institute 2008) where appropriate. Mean number of nectar-feeding insects per milkweed plant by sampling date in 2009 were obtained using PROC MEANS (SAS Institute 2008).
Results
Tropical milkweed plants ßowered and produced nectar throughout the experiment in both years of the study, and T. pennipes and monarch butterßies, as well as many species of insect pollinators, used this ßoral nectar (Table 1) . In 2009, free-living wasps were the most relatively abundant group of insects feeding on milkweed nectar (Fig. 1) . All species of free-living wasps could pollinate milkweed based on the fact that a pollinarium (i.e., V-shaped structure with a pollinarium gland and two pollinia with pollen), known by their speciÞc structure to be from milkweed, was attached to the leg of some individuals of each wasp species. The vespid, sphecid, and pompilid species were observed preying on stink bug nymphs and adults. Adult T. pennipes readily fed on ßoral nectar of milkweed (Fig. 2) during the 3-wk period we collected parasitized N. viridula in cotton. As insect pollinators, honey bees and native bees readily fed on milkweed nectar (Fig. 1) . Monarch butterßy adults were observed feeding on milkweed nectar on Þve of the eight observation dates. For both years of the study, monarch butterßy larvae were observed feeding on milkweed plants (Fig. 2) and then developing into pupae. Some of these monarch butterßy larvae were given to elementary school students in the state of Georgia to rear and then release marked adults. Stink bug and leaffooted bug species composition on cotton varied between years. cantly affected by the interface treatment (F ϭ 11.17; df ϭ 1, 22; P ϭ 0.003). Parasitism of N. viridula by T. pennipes was higher in milkweed cotton (61.6%) than in control cotton (13.3%; Fig. 3A) . Nezara viridula density was not signiÞcantly inßuenced by the interface treatment (F ϭ 0.07; df ϭ 1, 6; P ϭ 0.799; Fig. 3B ) or a treatment by week interaction (F ϭ 0.17; df ϭ 2, 179; P ϭ 0.8453); however, density was signiÞcantly affected by the week samples were taken (F ϭ 4.92; df ϭ 2, 179; P ϭ 0.0083), and by the row sampled (F ϭ 17.06; df ϭ 1, 179; P ϭ 0.0001). Because density of N. viridula was not signiÞcantly inßuenced by the interface treatment, the difference in parasitism of N. viridula between treatments is likely associated with the attraction of the parasitoid to the milkweed and not owing to a response by the parasitoid to differences in host density. Density of N. viridula was higher on week 4 (0.4497 per sample) than on week 3 (0.2004 per sample) and week 5 (0.2431 per sample) and higher on row 1 (0.441 per sample) than on row 5 (0.1545 per sample). Only three N. viridula (adults) were detected in peanut, and these were found in Þeld edges adjacent to noncrop habitats.
In 2010, T. pennipes attacked N. viridula, C. hilaris, and L. phyllopus, and the percent parasitism of these hosts was signiÞcantly affected by the interface treatment (F ϭ 4.6; df ϭ 1, 28; P ϭ 0.0408). Parasitism of these bugs by T. pennipes was higher in milkweed cotton (24.0%) than in control cotton (1.1%; Fig. 3A) . However, stink bug density was not signiÞcantly affected by treatment (F ϭ 1.28; df ϭ 1, 8; P ϭ 0.2901; Fig. 3B ), week (F ϭ 2.78; df ϭ 2, 132; P ϭ 0.0655), row (F ϭ 0.84; df ϭ 4, 132; P ϭ 0.5048), or a treatment by week interaction (F ϭ 0.01; df ϭ 2, 132; P ϭ 0.9897). Again, differences in parasitism of bugs by T. pennipes between treatments were not owing to differences in host density. Only a single N. viridula (adult) was detected in peanut, and it was found in a control plot.
Discussion
Even though T. pennipes is not one of the longtongued tachinids that are known to be specialized for ßoral nectar feeding (Gilbert and Jervis 1998) , they fed on nectar of tropical milkweed ßowers. In an earlier study observing insects feeding on ßoral nectar of milkweed, T. pennipes females fed on 1Ð13 ßowers per visit to milkweed plants, and feeding time per ßower ranged from 3 to 18 s (Tillman 2009 ). As early as the 1920s, T. pennipes was observed feeding on nectar-producing ßowers (Drake 1920 , Worthley 1924 . Tooker et al. (2006) tabulated plant species that served as ßoral hosts of adult tachinids as reported by Robertson (1929) in his 33-yr data set of ßower-visiting insects of central Illinois. Trichopoda species visited ßowers in the milkweed family, Asclepiadaceae, as well as ßowers in Apiaceae, Salicaceae, Caprifoliaceae, Asteraceae, Rosaceae, Euphoribaceae, and Lamiaceae plant families. Flower structure of these plant families was the key to the ability of these parasitoids to feed on these plants; the short or open corollas allowed easy access to nectar.
Other studies have demonstrated an increase in biological control of other pests by parasitoids in the presence of ßowers (English-Loeb et al. 2003 , Tylianakis et al. 2004 , Ellis et al. 2005 , Lavandero et al. 2005 , Irvin et al. 2006 . As an example, incorporating buckwheat (Fagopyrum esculentum Moench) in the farmscape increased parasitism rates by Voria ruralis (Fallen) (Diptera: Tachinidae) on cabbage looper [Trichoplusia ni (Hü bner)] (Lepidoptera: Noctuidae) larvae and by Cotesia rubecula (Marshall) (Hymenoptera: Braconidae) on imported cabbage worm [Pieris rapae (L.)] (Lepidoptera: Pieridae) larvae over a 4-yr study (Lee and Heimpel 2005) . In addition, coriander (Coriandrum sativum L.) and faba bean (Vicia faba L.) planted next to potato plots increased parasitism rate of the potato moth [Phthorimaea operculella (Zeller)] (Lepidoptera: Gelechiidae) by Copidosoma koehleri Blanchard (Hymenoptera: Encyrtidae) (Baggen and Gurr 1998) . Our study is the Þrst report of nectar provision alone increasing parasitism rates of stink bugs in agricultural farmscapes.
The successful increase in biological control of stink bug hosts by T. pennipes in cotton with milkweed was likely due in part to the strategic placement of ßow-ering plants along the crop-to-crop interface. A recent study on colonization of N. viridula and C. hilaris in peanutÐ cotton farmscapes revealed that cotton was a relatively good host for these two stink bugs, but peanut, although a good host for nymphal development of N. viridula, was a surprisingly poor host for C. hilaris (Tillman 2013) . We are uncertain as to why N. viridula nymphs were not detected in peanut during this study; perhaps they were feeding and developing on noncrop host plants in habitats adjacent to crops. Nevertheless, in the study herein, colonizing adults of N. viridula and C. hilaris aggregated in cotton bordering peanut as exempliÞed by the higher stink bug density on the Þrst row of cotton bordering peanut compared with rows further into the Þeld. Indeed, density of N. viridula and C. hilaris is higher in cotton at these interfaces than in Þeld interiors and Þeld edges adjacent to noncrop habitats (Tillman et al. 2014) . In an earlier study, aggregation of N. viridula in trap crops at crop-to crop interfaces enhanced parasitism of this stink bug by T. pennipes indicating that female parasitoids dispersed into the farmscapes to parasitize hosts where they congregated (Tillman 2006a ). In this current study, T. pennipes females were provided nectar at the time and place food was needed to parasitize stink bugs colonizing cotton. Understanding the ecology of insect pests and their natural enemies in agroecosystems is essential in creating and designing habitats for enhancing agricultural biodiversity for pest suppression.
In the modern agroecosystem, crop production practices, e.g., mechanical cultivation and use of pesticides, restrict biodiversity and promote landscapes dominated by large monocultures. The prevailing insect pest control strategy in these agroecosystems is application of toxic agrochemicals. Such prophylaxis "insurance" approaches can lead to biological control failure or at least a reduction in its effectiveness (Landis et al. 2000) . Long-term solutions to escalating economic and environmental consequences of combating pests in agricultural crops can be achieved by restructuring and managing agroecosystems in ways that enhance agricultural biodiversity to increase biological control and other ecological services such as conservation of iconic ßora or fauna. In our study, in addition to enhancing biological control of stink bugs in cotton, milkweed provided additional ecosystem services. Floral nectar of milkweed was used by honey bees and native insect pollinators, which is particularly important in light of the impact of CCD on honey bees. Milkweed ßowers produced a source of nectar for monarch females, and milkweed vegetation provided essential oviposition sites and host plants for growth and development of subsequent monarch larvae. In summary, this is the Þrst demonstration of incorporating a nectar-producing plant to enhance stink bug parasitism as well as providing nectar to insect pollinators and monarch butterßies.
